This study uses long-term records of stream chemistry, discharge and air temperature from two neighbouring forested catchments in the southern Appalachians in order to calculate production of dissolved CO 2 and dissolved inorganic carbon (DIC). One of the pair of catchments was clear-felled during the period of the study. The study shows that: (1) areal production rates of both dissolved CO 2 and DIC are similar between the two catchments even during and immediately after the period of clear-felling; (2) flux of total inorganic carbon (dissolved CO 2 C DIC) rises dramatically in response to a catchment-wide acidification event; (3) DIC and dissolved CO 2 are dominantly released on the old water portion of the discharge and concentrations peak in the early autumn when flows in the study catchments are at their lowest; (4) total fluvial carbon flux from the clear-felled catchment is 11Ð6 t km 2 year 1 and for the control catchment is 11Ð4 t km 2 year 1 . The total inorganic carbon flux represents 69% of the total fluvial carbon flux. The method presented in the study provides a useful way of estimating inorganic carbon flux from a catchment without detailed gas monitoring. The time series of dissolved CO 2 at emergence to the stream can also be a proxy for the soil flux of CO 2 .
INTRODUCTION
Forests represent approximately half the land-based carbon sink in the USA (Pacala et al., 2001) . Goodale et al. (2002) estimate that US forests represent a carbon sink of 0Ð28 Pg year 1 for the year 1990-91. One important component of the fluxes of carbon through a forest ecosystem is the loss via streams; however, the total fluvial carbon flux from forest catchments has not been quantified. The flux via streams can be made of several components: particulate organic carbon (POC); dissolved organic carbon (DOC); dissolved inorganic carbon (DIC); dissolved CO 2 ; and dissolved CH 4 . The particulate organic matter (POC) represents all physically present organic particles, e.g. leaves, as opposed to DOC, which represents the colloidal and truly dissolved organic matter dominated by humic and fluvic acids. The distinction between POC and DOC is defined operationally as that which passes through a filter of a given size, typically 0Ð45 µm.
Several studies of POC flux have been conducted in forest settings (e.g. Webster et al., 1999) , as well as of DOC (e.g. Tate and Meyer, 1983) . The DIC component represents the combination of carbonate, bicarbonate and carbonic acid, i.e. the result of the dissolution of CO 2 into water, yet both CO 2 and CH 4 can be found in their truly dissolved state in natural waters. In their review of fluvial carbon fluxes, Hope et al. (1994) list many studies of DOC and POC in forested catchments, but report only two studies of DIC in forested catchments, only one of which (Hubbard Brook) is in the conterminous USA (Likens et al., 1977) . Hope et al. (1994) list no studies of dissolved gases from forested catchments.
Subsequent research has provided some insights into the inorganic carbon and dissolved carbon gas fluxes from forested catchments. Jones and Mulholland (1998a) showed that dissolved CO 2 represents an integration of contributing processes (both in-stream or within the soil-groundwater system) and that if the contribution of in-stream processes can be estimated, then production from the soil-groundwater system can be calculated. Jones and Mulholland (1998b) compared dissolved CH 4 and dissolved CO 2 across a range of catchments and showed that geology, elevation and catchment size all affected the ratio of dissolved CH 4 to dissolved CO 2 . As for dissolved CH 4 , Jones and Mulholland (1998c) showed that a stream in a forested catchment in the Applachians was supersaturated with CH 4 with respect to the atmosphere by a factor of up to 41Ð4.
The purpose of this study is to develop a long series of inorganic carbon and dissolved CO 2 fluxes for a pair of forested catchments. The calculations will be made in comparison with other fluvial carbon fluxes calculated previously for the same catchments in order to assess the importance of these inorganic carbon loss pathways relative to organic carbon loss pathways. The fluxes of DIC and dissolved CO 2 will be compared with the results of previous research on these study catchments that examined the controls on the composition of the discharge and balance of flowpaths contributing to the catchment discharge (Worrall et al., 2005) . The catchments chosen for the study share a watershed, and they include a control catchment covered with mature hardwood and a catchment that was clear-felled in 1977.
METHODOLOGY
This study uses the long-term records of stream chemistry measured at the Coweeta Hydrologic Laboratory, North Carolina (Swank and Waide, 1986) , for a pair of forested catchments to calculate the records of DIC and dissolved CO 2 . The approach combines and adapts the method of Neal et al. (1998) for calculating inorganic carbon speciation with the method of Jones and Mulholland (1998a) for estimating the proportion of dissolved CO 2 derived from the soil-groundwater system.
Study site
Established in 1934, the Coweeta watersheds represent one of the longest continuous environmental studies presently available. The 2185 ha watershed is divided into two adjacent basins (Figure 1 ). The climate of the region is classified as marine, humid temperate (Swift et al., 1988) . Mean annual precipitation varies from 1800 mm at low elevations in the basin to 2500 mm at the highest elevations, with March typically being the wettest month and snowfall making up less than 5% of the annual precipitation. Mean annual temperature is 12Ð6°C at the base station, with an average monthly low of 3Ð3°C in January and a high of 21Ð6°C in July. The geology of the basin is dominated by metamorphic formations, including schists, gneisses and metasandstones (Hatcher, 1988) . Soils fall into two orders: immature inceptisols and older, mature ultisols. Steep faces at high elevations are covered by the umbric dystrochrepts of the Porter series; the remaining inceptisols are of the Chandler gravelly loam series. The ultisols comprise typic hapludults and humic hapludults. Typic hapludults cover the largest area of the basin and consist of the Coweeta-Evard gravelly loam and Fanin sandy loam series. Mixed mesophytic forests characterize the region, and the four major forest types of the basin have been described by Day et al. (1988) .
This study focuses on a pair of catchments, nos 2 and 7. Control catchment (Shope Branch) is 12 ha in area with a maximum elevation of 1004 m. Felled catchment (Big Hurricane) is 59 ha in size and reaches a maximum elevation of 1077 m. The two catchments are adjacent and have similar southerly aspects (Figure 1 ). Catchment 7 was commercially clear-felled, cable logged in 1977 and allowed to regenerate naturally and hence is referred to as the felled catchment (Swank et al., 2001) . As part of logging operations, three contour roadways were constructed traversing the catchment at 300 m intervals. Control catchment is one of the control catchments within the basin and has remained undisturbed since 1927, and is subsequently referred to as the control catchment. Wastewater, 1985b,c) , both determined as soon after sample collection as practical to prevent degassing errors in the measurement. Stream discharge is measured continuously on each watershed using 90°V-notch weirs. Additionally, as meteorological conditions are monitored in the catchments, this means that results of time series analysis can be compared with detailed rainfall and temperature records.
Inorganic carbon speciation
The inorganic carbon species were calculated using the following equilibria for inorganic carbon species: 
where parentheses indicate the activity of that component, square brackets indicate concentration of the component, pCO 2 is the partial pressure of CO 2 in the atmosphere, and the excess CO 2 EpCO 2 is defined as the amount of dissolved CO 2 in the water in comparison with that expected in equilibrium with the atmosphere:
Each of these equilibrium constants will vary with the water temperature 
where square brackets refer to concentrations rather than activity, with adjustment made between the two being given by the Davis equation:
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and where
Estimates of EpCO 2 are corrected for changes in pressure with altitude using the methods of the Smithsonian Institute (1966):
where a (m) is the catchment altitude, P 0 is the atmospheric pressure at sea level, and P a is the atmospheric pressure at altitude a. This approach requires an estimate of EpCO 2 and then can be solved iteratively by comparing the estimate of alkalinity from Equation (2) with that measured for the catchment. An initial estimate of EpCO 2 can be calculated using the method of Neal et al. (1998) :
0Ð95Alk Gran C 10 6 pH C 10 6CpHCpK 6 10 6 pH 6Ð46 0Ð0636T 1 C 2Ð3810 pH pK 2 3 where Alk Gran µeq l 1 is the Gran alkalinity, and T (°C) is water temperature. Thus, free dissolved CO 2 concentrations can be calculated from Equation (1) and is henceforward referred to as dissolved CO 2 . The DIC contents can be calculated using
Both dissolved CO 2 and DIC are converted to units of milligrams per litre. Thus, inorganic carbon speciation and content can be calculated from a knowledge of the calcium, alkalinity, pH and temperature of the streamwater.
Stream temperature measurements are available for the felled catchment for the period 1976 to 1994 (Swift, 1982) . Swift (1982) has shown that stream temperature is affected by the clear-felling of the catchment; so, for stream temperatures after the period of monitoring, a regression equation has been developed based upon the comparison of air and stream temperatures for the period 1986-94. The regression equation is
where T s (°C) is the stream temperature and T a (°C) is the air temperature. For the control catchment, no stream temperature data were available, but data were available for a comparable control catchment (catchment 10; (Figure 1 ) for the period 1976-94. As with the felled catchment, for the period post-1994 a regression equation was calculated on the basis of regression between air and stream temperatures for the period 1976-94.
The above calculations are for the dissolved CO 2 and DIC content of the stream at the catchment outlet and not for the water leaving the soil and groundwater of the catchment. Once in the stream the dissolved 3026 F. WORRALL, W. T. SWANK AND T. BURT CO 2 can escape to the atmosphere or be altered by stream metabolism. Using the approach of Jones and Mulholland (1998a) pCO
where pCO 2stream is the dissolved CO 2 in the stream as calculated above, pCO 2gw is the dissolved CO 2 from the soil-groundwater of the catchment, pCO 2evasion is the dissolved CO 2 lost to the atmosphere between groundwater emergence and the catchment monitoring point, and pCO 2metabol is the dissolved CO 2 from net in-stream metabolism between the emergence of the groundwater and the catchment monitoring point. For the purpose of this study it is pCO 2gw that is required, and so pCO 2evasion and pCO 2metabol must be estimated. The evasion rate of CO 2 from the streamwater can be estimated from the stagnant two-film model (Liss and Slater, 1974) , although this assumes that stream surface can be considered as the same as a lake or sea surface: 3 ). The amount of CO 2 lost during the passage from groundwater to monitoring point can then be calculated by knowledge of the residence time of the water in the stream and the stream surface area. The residence time for both catchments in this study is estimated from the flow in the catchment and dimensions of the stream; it is assumed that, on average, groundwater enters the stream at the midpoint of the channel length. The stream surface is estimated given knowledge of the flow, stream dimensions and the rating curve for the weirs in each of the study catchments.
The net in-stream metabolism is estimated using estimates of the respiration rates from Webster et al. (1999) and the average POC concentration measured for catchments 2 and 7 (Webster et al., 1988) .
Once the dissolved CO 2 content leaving the soil-groundwater system of the catchment has been calculated, the flux of dissolved CO 2 and DIC is then calculated with reference to stream discharge measurements using 'method 5' (Walling and Webb, 1985) . The annual cycles of pCO 2gw , pCO 2evasion and pCO 2metabol are calculated using the method of seasonal indices of Worrall and Burt (1999) . The method of seasonal indices uses monthly medians, calculated for the whole dataset, normalized against the median for the whole dataset to provide a measure of difference between each month and the median.
Source of inorganic carbon
The dissolved CO 2 and DIC emerging into the stream is the result of mineral weathering and soil respiration. Mineral weathering consumes dissolved CO 2 and generates DIC, whereas soil respiration generates dissolved CO 2 . The flow emerging into the stream comes from a range of flowpaths. The proportion of dissolved CO 2 and DIC in the separate flowpaths of the catchment can be calculated by reference to the proportion of old and new water in the stream discharge, where it is assumed that old water comes via deep flowpaths interacting with the catchment mineralogy and that new water has not interacted with the regolith, either because it comes via shallower paths or has insufficient residence time to react. The proportion of old and new water in the stream discharge of the two study catchments was calculated using principal component analysis and is reported in Worrall et al. (2005) .
RESULTS
The time series of those components important to the calculation of dissolved CO 2 and DIC show that the catchments show very similar behaviour in terms of bicarbonate and pH, but show differing levels of calcium Copyright  2005 
where EpCO 2Calculated is the EpCO 2 calculated by iterative solution and EpCO 2Estimated is the EpCO 2 estimated from Equation (3). The relationship between EpCO 2 estimated from Equation (3) and EpCO 2 calculated from the iterative solution of the complete speciation is slightly different between the two catchments, and so no general relationship can presently be suggested. However, the fact that such a strong linear relationship exists between the estimated and calculated values means that the iterative calculation need only be repeated a few times, sufficient for the relationship to be adequately specified, rather than repeated for all the samples from the catchment. A similar relationship between estimate and calculation has been found for other catchments in an entirely different context (Worrall and Burt, 2005 ) but was not found by Neal et al. (1998) ; it is possible that this is due to the method of measuring pH or alkalinity where degassing of collected samples may have occurred.
Dissolved CO 2
The amount of CO 2 produced by net in-stream metabolism (pCO 2metabol ) is minimal; in the control catchment the average carbon production is only 1Ð94 kg year 1 , (which is 0Ð005 kg year 1 per metre of stream), ranging between 0Ð24 and 2Ð67 kg year 1 . In the felled catchment it is 1Ð75 kg year 1 , which is 0Ð001 kg year 1 per metre of stream, ranging between 0Ð37 and 5Ð39 kg year 1 . The critical factor is the residence time in the catchment, and an examination of the time series of dissolved CO 2 concentration added to the catchment outlet by net in-stream metabolism shows that it peaks at times of lowest flow, i.e. in the late summer months (Figure 3) . Despite the differing values of production, the nature of the productivity response is identical between the catchments, with a slightly greater amplitude to the annual cycle in the control catchment reflecting its greater seasonal variation in flow (Figure 4) .
The average amount of CO 2 (as carbon) lost to evasion in the control catchment is 239 kg year 1 , ranging from 110 to 1026 kg year 1 , or 0Ð54 kg year 1 per metre of stream, whereas in the felled catchment the average is 932 kg year 1 (437-3502 kg year 1 ) or 0Ð9 kg year 1 per metre of stream. The higher value of evasion from the felled catchment reflects the longer residence time in this larger catchment. Apart from differences in general levels of evasion, the nature of the evasion appears common between the two catchments ( Figure 4 ) and once again reflects the annual cycle in flow and the residence time in the stream.
The average dissolved CO 2 (as carbon) exported in the streams from the control catchment is 3Ð72 t km 2 year 1 , ranging between 2Ð33 and 13Ð94 t km 2 year 1 . For the felled catchment the average dissolved CO 2 exported in the streams from the felled catchment is 3Ð48 t km 2 year 1 , ranging between 1Ð68 and 14Ð17 t km 2 year 1 (Figure 3) . The areal production of dissolved CO 2 for the two catchments is almost identical, and a visual comparison of the time series of the annual flux between the two catchments shows no difference between the time series of each catchment, save for a phase shift apparent in the large export in years 1997-98 (Figure 3) . The lack of difference between the two catchments suggests that the clear-felling of the felled catchment had little or no effect on the processes controlling inorganic carbon release. The lack of effect of clear-felling on the flowpaths within the felled catchment has been demonstrated by Worrall et al. (2005) . The combination of flowpaths is one of the controls on flushing of inorganic carbon, but other controls include the turnover rate of organic matter in the soil profile and the weathering rate of soil minerals and underlying strata. The equivalence of the export from these two catchments during the early years of the observed time series suggests that neither weathering rate nor the turnover rate of organic matter are altered by clear-felling. Jones et al. (2003) have suggested that long-term trends (since 1973) in CO 2 saturation of US rivers are downwards. Most of the evidence from their study comes from large watersheds, but their conclusion is not supported here for these two headwater catchments. Jones et al. (2003) 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 Year flux CO 2 (kgC/yr) 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 the study catchments across the period of the study to diminishing terrestrial CO 2 production; and the Jones et al., 2003 study suggests that soil CO 2 production is robust against changes in land use. The large export of dissolved CO 2 during the period 1997-98 can be associated with an acidification event in the whole Coweeta basin with pH decreasing from approximately 6Ð8 to 6Ð4 (Figure 2 ). The consequences of the acidification event appear earlier in the felled catchment than in the control catchment. A phase difference between the annual cycles in stream chemistry and the proportion of old and new water in the streamwater of these catchments has previously been noted and has been ascribed to differences in depth of interaction of percolating water between the two catchments (Worrall et al., 2005) . However, no explanation in any study has been provided for this event.
The annual cycle of the dissolved CO 2 concentration emerging from the catchment shows that it is greatest during the period of lowest flow (Figure 4) . The fact that the dissolved CO 2 concentration is highest at the time of lowest flow reflects the fact that the greater proportion of the dissolved CO 2 is carried in the old water. The analysis of the proportion of dissolved CO 2 is limited to years prior to the acidification event, as the event alters the basis upon which the analysis of flow separation is performed.
3031

DIC
The flux of DIC from the catchments is close to that of the dissolved CO 2 for both catchments: 5Ð15 t km 2 (of carbon) for the control catchment and 3Ð31 t km 2 (of carbon) for the felled catchment ( Figure 5 ). The amounts of DIC between the catchments show the same phase shift during the acidification event as with the dissolved CO 2 , and again the flux is dominated by flux of the old water from the catchment. Also, the low flux values from both catchments between 1985 and 1988 are due to the record drought and very low discharges during this period. Tate and Meyer (1983; Meyer and Tate, 1983 ) report values of DOC flux for Coweeta catchments that range from 0Ð69 to 2Ð08 t km 2 year 1 (of carbon); these figures include values for disturbed and control catchments at Coweeta, but not for either of the catchments used in this study (Table I) . Qualls et al. (2002) examined the production of soluble organic nutrients from the control catchment and found that DOC flux for the period 1986-87 (a period of severe drought) was 0Ð41 t km 2 year 1 (of carbon). From the review of Hope et al. (1994) , the range of DOC flux values (as carbon) for temperate forests in the USA was 0Ð34 t km 2 year 1 (Mack Creek, Oregon; Moeller et al., 1979) to 5Ð45 t km 2 year 1 (Roaring Creek, Mass achusetts; McDowell and Fisher, 1976) . A more recent compilation of DOC data from forests (Buffam et al., 2001) gave no higher or lower values than those reported by Hope et al. (1994) . The relatively small amount of DOC that is exported from the catchments at Coweeta can be ascribed to adsorption of DOC in soil horizons; Qualls et al. (2002) show that there is 99Ð3% retention of DOC within the soil.
Comparison with organic carbon fluvial flux
With regard to POC, far fewer values have been reported in the literature. Values for the Coweeta catchments have been reported by Webster et al. (1999) ; for the control catchment the carbon value for 1983-84 is 2Ð97 t km 2 year 1 and 4Ð36 t km 2 year 1 for the felled catchment. From the review of Hope et al. (1994) , the minimum reported carbon value is 0Ð07 t km 2 year 1 (Bear Brook, New Hampshire, Fisher and Likens, 1973) to 1Ð16 t km 2 year 1 (Susquehanna River; Flemer and Biggs, 1971 ). The number of values for inorganic carbon flux and dissolved CO 2 for headwater forested catchments reported in the literature are limited. Hope et al. (1994) report only one study of DIC flux from a forested catchment in the conterminous USA, 0Ð76 t km 2 year 1 (Likens et al., 1977) . 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 To our knowledge, there is only one study of dissolved CH 4 flux from forested catchments (Jones and Mulholland, 1998c) , where dissolved CH 4 concentrations on emergence into the stream were found to be between 0Ð16 and 0Ð55 mg l 1 (as carbo). If these values are taken as representative of the catchments in this study, and they are for Appalachian catchments, then the range in dissolved CH 4 flux would between 0Ð12 and 0Ð40 t km 2 year 1 (as carbon). Given the fluxes calculated in this study, and in combination with literature values, it is possible to compile a total fluvial carbon flux for the study catchments (Table I ). The total fluvial carbon fluxes from the two catchments are not significantly different. Given the ranges reported above and in the literature, the range of total fluvial carbon flux for the two catchments is 9Ð7-23Ð9 t km 2 year 1 .
DISCUSSION
The methodology presented in this study makes the assumption that the dominant divalent cation is Ca 2C and that the inorganic carbon speciation can be adequately accounted for based on Ca 2C alone, without reference to Mg 2C for example. For the study catchments, the concentration of Mg 2C is typically 50% of that of Ca 2C , i.e. Ca 2C is the dominant cation but concentrations of Mg 2C are still significant. However, the calculation of dissolved CO 2 is most sensitive to pH, temperature and alkalinity, i.e. the nature of the calculation would be little affected by an allowance for the concentration of Mg 2C . Furthermore, previous studies of dissolved CO 2 from forested catchments have based their calculations of dissolved CO 2 content on alkalinity alone.
The concentration of dissolved CO 2 in emerging groundwater is controlled by two processes: soil respiration and weathering. Soil respiration generates CO 2 in the soil atmosphere; this CO 2 can diffuse out of the soil profile into the atmosphere, but equally it can be dissolved into soil water. Water moving rapidly through the profile will not have time to equilibrate with the soil atmosphere and will, therefore, contribute very little to the dissolved CO 2 content of catchment streams. Water with a longer residence time can equilibrate with the soil atmosphere and would thus be expected to contribute to the majority of the dissolved CO 2 in the stream. Dissolved CO 2 in groundwater will react with mineral components in the soil profile and regolith; weathering reactions will consume dissolved CO 2 . Therefore, if several details are known, then it should be possible to extrapolate from the dissolved CO 2 content of the streamwater at emergence to the dissolved CO 2 concentration in groundwater. To perform this extrapolation, two factors are required. First, if the proportion of old and new water contributing to the stream is known, then the fraction of dissolved CO 2 at emergence coming from groundwater can be calculated. Second, if the weathering reactions are known, and the amount of weathering can be discerned from other chemical components measured in the stream, then the amount of dissolved CO 2 consumed by weathering reactions can be calculated.
